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Phonon profiles in superconducting YNi2B2C and LuNi2B2C
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We performed a systematic inelastic neutron scattering, between 4 and 620 K, of the profiles of the anoma-
lous acoustic and optic phonon observed in both compounds in the vicinity ofjWm>(0.5 0 0). AboveTc we
find that, in both compounds, the frequencies of the acoustic modes decrease with decreasing temperature and
there is intensity transfer from the upper~optic! to the lower~acoustic! mode. The frequencies of the optic
modes of the Y compound, on the other hand, decrease slower than those of the Lu compound as the
temperature decreases towardsTc and, as a result, the two branches approach each other in the Lu compound,
whereas they separate in the Y compound. In both compounds the observed phonon profiles aboveTc can be
described satisfactorily in terms of a simple couple-mode model. Comparison of the phonon spectra of the two
compounds belowTc demonstrates that the sharp peak at approximately 4 meV with a broad shoulder at the
higher-energy side, observed in both compounds, arises from the change in the acoustic phonon profile upon
entering the superconducting state.@S0163-1829~99!07641-9#
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I. INTRODUCTION

The compounds of theRNi2B2C family ~R5rare earth!
are ideal for a detailed study of the competition betwe
magnetic ordering, superconductivity, and latti
instabilities.1–3 Detailed neutron-scattering experiments4–7

on the superconducting Lu and Y compounds demonstr
the dramatic softening of theD4@j00# acoustic modes in the
vicinity of ~0.500!, which is practically the same as the ne
ing vectorjWm obtained by band theoretical calculations.3 The
softening is so significant that it was also observed in
phonon density of states8 and the point-contact spectra9 of
these compounds. This is an unusual type of softening
volving the acoustic and lowest-lying opticD4@j00#
branches, which cannot cross by symmetry~see Fig. 1!.
These two branches are strongly coupled as shown by
continuous shift of intensity from the upper to the low
branch observed6,7 in both compounds.

As a result of this unusual coupling, broad soft phono
are observed in both compounds just aboveTc~>15 K! ~see
Fig. 4 of Ref. 7!. Below Tc , a sharp peak near 4 meV
followed by a broad shoulder in the high-energy side, is
served in both compounds~see Fig. 4 of Ref. 7!. Simulations
demonstrated that the broad shoulder is not due to
folding of the resolution ellipsoid with the steep dispersi
of the phonon branches. Furthermore, the measured4,7 room-
temperature phonon frequencies, up to 40 meV, were
signed to the various branches by comparing the meas
intensities with calculations based on Born–von Ka´rmán
force-constant models. These calculations demonstrated
the room-temperature dispersion curves can be fitted q
well with force-constant models and that no other branc
of the same symmetry are close to the branches under s

To better understand the nature of the broad soft phon
just aboveTc and the origin of the sharp phonon peak o
served in both compounds belowTc , we performed a sys
tematic study, between 4 and 620 K, of these anoma
PRB 600163-1829/99/60~17!/11932~3!/$15.00
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phonons in both compounds. In this paper we report the
sults of these experiments.

II. EXPERIMENTAL DETAILS

The measurements were performed on single cry
samples of LuNi2B2C and YNi2B2C grown at the Ames
Laboratory. The crystals were platelets~1–2 mm thick with a
plate area of 0.5–1 cm2) with thec axis perpendicular to the

FIG. 1. D4@j00# branches of YNi2B2C at 150 K. Solid@open#
circles denote data obtained around the~107! @~008!# reciprocal
lattice point.
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plate surface. The 300 K lattice parameters area53.464 Å,
c510.623 Å for LuNi2B2C anda53.526 Å,c510.547 Å for
the YNi2B2C compound.

The neutron-scattering experiments were performed u
the variable incident neutron energy triple-axis spectrome
H-8, at Brookhaven National Laboratory, HB3 at Oak Rid
National Laboratory~ORNL!, and the fixed initial energy
triple-axis spectrometer HB1A at ORNL Pyrolitic graphi
~PG!, reflecting from the~002! planes, was used as mon
chromator and analyzer and a PG filter was used to minim
higher-order contamination. The measurements on the v
able incident neutron energy spectrometers were perfor
either with neutron energy loss and fixed final neutron
ergy (Ef) of 14.7 and 30.5 meV or with energy gain and
fixed incident neutron energy (Ei) of 30.5 meV. The high-
temperature measurements were performed on the H
spechrometer with neutron energy gain and fixedEi at 14.7
meV. Most of the data were collected with a collimation
40-40-40-40 minutes of arc in the standard positions on
spectrometers.

III. EXPERIMENTAL RESULTS

The detailed temperature dependence of the frequen
of the twoD4 branches, in the vicinity ofj50.5, was deter-
mined by measurements at~0.6 0 8! in the Y and at~0.45 0
8! in the Lu compound. The measured frequencies of the
modes and the ratio of the intensity of the lower to t

FIG. 2. Lower panel: temperature dependence of the frequen
of the lower and upper~0.6 0 0! modes of YNi2B2C. Upper panel:
temperature dependence of the ratio of the intensity of the lo
mode to the total intensity of the two modes.
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total intensity of the two modes are plotted in Figs. 2 and
It can be seen~Figs. 2 and 3! that in both compounds the
frequency of the lower mode decreases with decreas
temperature and intensity is transferred from the upper to
lower mode. It is important to notice that in the Y compou
~Fig. 2! the frequency of the lower mode decreases mu
faster than that of the upper mode, especially below 300
and as a result the two branches separate in the vici
of j50.5 as the temperature is lowered. In the Lu compou
~Fig. 3!, on the other hand, the two branches approa
each other in the vicinity ofj50.5 with decreasing tempera
ture.

In the vicinity of and belowTc, measurements performe
with optimized instrumental conditions and much long
counting times per point than in our previous study~Fig. 4 of
Ref. 7!, established that the broad peak observed just ab
Tc in both compounds corresponds to the acoustic mo
This broad acoustic phonon profile is abruptly changed int
sharp peak with a broad shoulder at the higher-energy sid
the temperature is lowered belowTc . The width and position
of the sharp peak remain practically unchanged belowTc ,
and its intensity decreases with increasing temperature in
vicinity of Tc ~Fig. 5 of Ref. 7!. It should be pointed out tha
in the present measurements the optical mode in the Y c
pound was visible down to 4 K~Fig. 2!. In the Lu compound
the intensity of this mode was too weak and its frequency
close to that of the acoustic mode to be observed belo
temperature of approximately 150 K~Fig. 3!.

es

er

FIG. 3. Lower panel: temperature dependence of the frequen
of the lower and upper~0.45 0 0! modes of LuNi2B2C. Upper panel:
temperature dependence of the ratio of the intensity of the lo
mode to the total intensity of the two modes.
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IV. DISCUSSION

The experimental results show that aboveTc the tempera-
ture dependences of the frequencies of the lowerD4 mode in
the vicinity of the Fermi surface nesting vector and the
tensity transfer from the upper to the lower mode upon co
ing are very similar in the two compounds. The key diffe
ence in the behavior of these modes aboveTc is that in the
vicinity of the nesting vector the two branches approach e
other upon cooling in the Lu compound, whereas they se
rate in the Y compound.

We have shown previously7 that the phonon profiles
aboveTc in LuNi2B2C can be described in terms of a simp
coupled-mode model which was used10 successfully to ex-
plain the asymmetric phonon profiles observed in ferroe
tric BaTiO3. The observation that upon cooling th
LuNi2B2C D4 branches approach each other, whereas in
Y compound separate, with approximately the same inten
transfer from the upper to the lower branch~compare the
I lower/I total curves in Figs. 2 and 3!, suggests that by simply
changing the sign of the coupling constant the coupled-m

FIG. 4. Phonon profiles of YNi2B2C @at ~0.6 0 8!# and LuNi2B2C
@at ~0.45 0 8!# evaluated using the coupled-mode model~see text!.
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model could describe as well the phonon profiles aboveTc in
YNi2B2C. This is illustrated in Fig. 4 where calculated ph
non profiles for Lu~at 620 and 120 K! and Y~at 620 and 150
K! are plotted. It can be seen that these profiles are v
similar to those observed experimentally. Thus the phon
profiles aboveTc in both compounds can be described
terms of a coupled-mode model.

Several theoretical approaches11–13have been proposed t
explain the dramatic change of the acoustic phonon profi
of the compounds upon entering the superconducting s
Allen et al.12 follow the usual BCS approach for a thre
dimensional quasi-isotropic system. Kee and Varma11 and
Maksimov and Karakozov,13 on the other hand, assume th
existence of a Fermi surface nesting vectorjWm>(0.5 0 0),
as obtained by band theoretical calculations.13 The calculated
phonon profiles11,12 are in qualitative agreement with the e
perimental results. The theoretical calculations, on the o
hand, predict that the energy of the sharp peak must fol
the temperature dependence of the superconducting gapD,
whereas the experimental observations show that the en
of this peak is practically temperature independent belowTc
~see Fig. 5 of Ref. 7!. The intensity of this sharp peak doe
decrease with increasing temperature, but it goes to zer
Tc more abruptly than the superconducting gap.

It is clear that a detailed and fundamental understand
of the phonon spectra in these compounds, both above
belowTc , must wait future first-principles theoretical calcu
lation. Of particular importance here is to elucidate the co
nection between the intensity variation of the sharp pe
below Tc and the superconducting properties of these co
pounds.
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